This paper looks at the load presented to audio amplifiers by real transducers. We consider the power losses in Class-AB and Class-D amplifier topologies, and determine that in order to predict eflciency it is necessary to consider the amplifierhransducer combination. The ability of the class-D amplijier to recycle quadrature load current offers new ways to improve eficiency.
INTRODUCTION
Conventionally the performance of audio amplifiers is considered using a pure resistive load of four or eight ohms. The true impedance of an electro-magnetic loudspeaker will vary over the operating frequency range, but the variability between individual real transducers makes the definition of a more realistic 'bench-mark' load impractical.
The power output and efficiency of an amplifier are dependent load impedance and so the resistive load performance may not resemble to the operation of the amplifier in real situations.
HIGHLY REACTIVE LOADS
Piezo electric audio transducers are used predominantly for 'tweeters' or as low cost sounders. However there are transducers available capable of operating down to a few hundred hertz [ 11.
Piezo transducers present a load to the amplifier that is almost entirely capacitive. The amplifier then has to cope with quite different operating conditions than when the load is purely resistive. A reactive load implies there will be a significant quadrature current component, and it is the way that the amplifier handles this quadrature current that has the greatest effect on efficiency. Class-AB amplifiers are only capable of providing uni-directional power flow and thus the power associated with the quadrature load current is dissipated by the output devices. The output stage of a Class-D amplifier is able to support bi-directional power flow and so the power associated with the quadrature' load current can be returned to the supply.
Class AB amplifiers suffer losses in the output devices, since they are used in a linear manner, and quiescent loss due to the bias current. Class D amplifiers suffer resistive losses within the output devices and filter components. Equations 1 and 2 represent the power dissipated by each amplifier topology. 
ELECTRO-MAGNETIC LOUDSPEAKER
Conventional methods of calculating the efficiency of electro-magnetic loudspeakers treat the input impedance of the loudspeaker as a pure resistance [2] . Because this leads to an input power that is independent of frequency, the efficiency response follows the same form as the gain response of the speaker [31.
We can model the loudspeaker using an electrical equivalent circuit [4] . This model is valid over the pistonic range of the cone (limiting the analysis to below 1 KHz). By modelling the different types of amplifier topology and combining these with the loudspeaker model we can predict the true efficiency of loudspeaker/amplifier combinations. Figure 2 shows a comparison of the efficiency derived by firstly assuming the input impedance of the speaker to be purely resistive and then from using the true input impedance. 
I
Around the first resonance of the loudspeaker (50Hz) the load presented the amplifier is very reactive and the Class-D amplifier is able to achieve a much higher efficiency the class-AB amplifier. 
IMPROVING THE EFFICIENCY OF ELECTRO-MAGNETIC LOUDSPEAKERS
The conventional approach to maximising the efficiency of loudspeakers is to achieve the optimum trade-off between bandwidth and acoustic output over the passband [5] .
Efforts to boost the acoustic output will generally lead to a reduced bandwidth and vice-versa.
By modelling the real load presented to the amplifier by the loudspeaker, the gain response and the efficiency response are de-coupled. We can use this model to reevaluate the effect of variables within the loudspeaker.
Importantly because the class-D amplifier is able to recycle quadrature energy, a loudspeaker driven by the class-D amplifier can appear reactive without suffering the losses that would result if a class-AB amplifier were used. This is demonstrated in figure 3 where the efficiency is plotted against the loudspeaker variable of voice coil length.
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Voice coil length m Figure 3 . Efficiency against Coil Length CONCLUSION We have shown that the efficiency of the sound reproduction process is dependent on the type of amplifier as well as the transducer.
The combination of loudspeaker and amplifier must be considered to predict the efficiency. The ability of the class-D amplifier to recover the energy associated with quadrature load current can lead to an improved efficiency.
